The limited driving range is considered as a significant barrier to the spread of electric vehicles. One effective method to reduce "range anxiety" is to offer accurate information to the driver on the remaining driving range. However, the energy consumption during driving is largely determined by driving behaviour, road topography information and traffic situation, which are hard to predict. This paper will discuss an accurate electric vehicle energy consumption model validated using driving tests on different public roads, and then the model is used to predict future energy consumption based on road information. The energy consumption model includes five parts: the road load model, the powertrain loss model, the regenerative braking model, the auxiliary system model and the battery model. The parameters of these models are obtained through driving tests on public road and dynamometer tests in the TU/e Automotive Engineering Science lab. The results show that the model can calculate the energy consumption with a maximum error of 5% based on driving speed under different circumstances. To predict the future energy consumption, the road information is obtained from OpenStreetMap and Shuttle Radar Topography
Introduction
Electric vehicles (EVs) are considered as future cars to solve oil dependency and environmental problems. However, the spread of EVs is limited by high price, long charging time, few charging stations and limited driving range. The limited driving range and long charging time may lead to "range anxiety", which can be explained as the drivers' concern of not reaching the destination during driving [1] . Range anxiety is considered as one of the major factors that affect the acceptance of electric vehicles. Apart from a bigger battery, an accurate range estimation system is necessary to solve range anxiety. However, the prediction of the remaining range is complicated, because it is dependent on some stochastic factors such as vehicle characteristics, driving behaviour, traffic state, road topography and weather condition. Several studies have been performed to predict the remaining driving range of EVs. They mainly focus on predicting the driving speed [2] [3] [4] and obtaining the traffic information and road topography information [5] [6] [7] . The predicted driving speed and road information can help to improve the prediction accuracy. However, there are still two problems that need to be solved. Firstly, the energy consumption is also determined by the vehicle characteristic parameters, and some of the vehicle parameters are influenced by the weather condition and driving behaviour. Secondly, the driving speed may be difficult to predict accurately before a trip begins, because the driving speed is influenced by the traffic flow. In this paper, an offline algorithm is developed to solve these two problems. The algorithm can give the driver a first view on the energy consumption for a future trip based on different driving speed predictions including considering the weather influence. This research is based on an electric vehicle: TU/e Lupo EL. The TU/e Lupo EL is built from a donor vehicle VW Lupo 3L by the Dynamics and Control group of Eindhoven University of Technology in 2009, where EL is the abbreviation of "Electric Lightweight". The TU/e Lupo EL is allowed to drive on the public road since spring 2011 [8] [9] . This paper is organized as follows. In section 2, an energy consumption model is built with considering the influence of the weather condition based on the measurement data. In section 3, the road information is obtained from the OpenStreetMap (OSM) and Shuttle Radar Topography Mission (SRTM). Then the energy consumption for a future trip is predicted based on the road information. In section 4, three driving tests, including highway driving, city driving and rural driving are shown to verify the offline algorithm.
Energy consumption model
The energy flow of an electric vehicle for driving is shown in Figure 2 . The electric energy is taken from the battery: a small part is used for the auxiliary system; the main energy is transformed by the electric motor into mechanical energy, which is used to overcome the road load. The electric vehicle energy consumption model is built in a backward way in this research. This means that the vehicle driving speed is the model input and the battery energy is the model output. The energy consumption model can be divided into five parts from the vehicle wheel to the battery: the road load model, the powertrain loss model, the regenerative braking model, the auxiliary system model and the battery model. The auxiliary system components energy consumption can be measured, the results are reported in [9] . The battery model adopted is a simple battery equivalent circuit model [10] . This paper will mainly introduce the road load model, the powertrain loss model and the regenerative braking model. The parameters of those models are obtained from different tests. 
Road load model
The moving of a vehicle on a road is influenced by the road load, which includes rolling resistance , aerodynamic drag force , road slope force and acceleration force , as shown in Figure 3 . 
where is the propelling force, is the rolling resistance force, is the air dynamic drag force, is the gravity force, is the acceleration force caused by vehicle inertia, is the rolling resistance coefficient, is the vehicle mass, is the gravitational acceleration, is the air density, is the aerodynamic drag coefficient, is the vehicle frontal area, is the vehicle speed, is the wind speed in the vehicle driving direction, is the road slope, is the vehicle effective mass, is the vehicle acceleration. The vehicle effective mass is the sum of the vehicle mass and the equivalent mass of the motor and wheel inertia.
where is the vehicle mass, is the wheel inertia, is the motor inertia, is the tyre effective rolling radius and is the gear reduction ratio. All the parameters in Equation (1) need to be determined to build the road load model. Since the variability properties of these parameters are different (see Table 1 ), those parameters can be determined separately. The stable parameters can be obtained by doing tests in a lab. The extremely high variability parameters can be measured during the driving. The vehicle mass is dependent on the passengers number. The road slope can be calculated based on the road information. However, the air density is changing with the weather condition, and the rolling resistance coefficient is determined by the weather and road condition. Therefore, these two parameters are always changing at different driving conditions. To model the energy consumption, the changing trend of these two parameters should be identified.
Air density
The air density is a function of pressure, relative humidity and ambient temperature, while the humidity has a minor influence on the air density at higher temperature [12] . According to the equations published in [12] , the value of air density is shown in Figure 4 for the condition that the humidity equals 80%. As can be seen, the air density will decrease with a temperature increase and air pressure decrease. 
Rolling resistance coefficient
A series of coast down tests have been performed to obtain the rolling resistance coefficient at different conditions. During a coast down test, the propulsion is removed when the vehicle reaches a certain speed, and then the road load, consisting of rolling resistance, aerodynamic drag and friction force, will slow down the vehicle until the vehicle comes to a standstill. The differential equation describing the longitudinal dynamics in a coast down test is given as
where is the friction moment in the gearbox and wheel bearings. The rolling resistance coefficient is dependent on the road surface, ambient temperature and driving speed [13] . Different coast down tests are done to obtain the relation between the rolling resistance coefficient with these factors. A comparison between simulation and measurement of the coast down tests on different road types in summer are shown in Figure 5 . Through the comparison, the value of rolling resistance coefficient can be obtained. The rolling resistance on a highway road (smooth asphalt) is 0.0095 and it increases to 0.0157 on a coarse rural road (Rijtvenweg test); the increase is about 65%. It can be seen that the difference is really significant. However, it is difficult to obtain the rolling resistance coefficient on every road section. This relative difference between highway road and rural road will be used to estimate the relative relationship of rolling resistance coefficient on other types of road, and the result is shown in Table 3 . Apart from the road surface, the rolling resistance coefficient is influenced by the weather and the driving speed. Therefore, the rolling resistance coefficient can be expressed as
where is the ambient temperature, 1 is a constant value 5.4 × 10 −5 , and 0 is determined by experiments. The effect of temperature on rolling resistance is shown in Figure 6 . A comparison of simulation and measurement of coast down tests on a highway road in summer and winter is shown in Figure 6 . The summer test was done on 1st August 2013, the ambient temperature was about 29 degree Celsius, and was then determined to be 0.0095. The winter test was done on 11th December 2013, the ambient temperature was about 2.5 degree Celsius, and was then determined to be 0.0132. The increase of is 39% from 29 º C to 2.5 º C. Based on the measurement data at different temperatures, the relationship between the rolling resistance coefficient with the temperature is given in Equation 5. 
Powertrain loss model
The vehicle powertrain components consist of a MES-DEA TIM 600 inverter, a MES-DEA A200-200W water cooled AC induction motor and a Carraro reduction gear/differential (gear ratio 1:8.654).
To determine the power loss, a test was executed on a dynamometer in the TU/e AES lab. The experiment is shown in Figure 7 [14] . The vehicle's front wheels are put on the dynamometer in the test. When the drum is running at a constant speed, the output of the motor is changed by changing the inverter control signal. When the inverter control signal is bigger than 50, the vehicle is in traction mode, and the vehicle is in regenerative braking mode when the inverter control signal is smaller than 50. The motor electric power and bench mechanical power can be measured during the experiment, as illustrated by Figure 8 . It can be seen from Figure 8 , when the inverter control signal is 50, the motor is idling, the efficiency is zero, but the power loss still exists because of the friction. Therefore, the power loss is used to The powertrain loss at a specific speed is the difference between the motor electric power and drum mechanical power. After processing the measurements, the relationship between the power loss and motor mechanical torque at different driving speed is shown in Figure 9 . As can be seen, the power loss is different for the traction part and regenerative braking part at the same motor mechanical power. 
where is the motor torque, is the motor angular speed, is the motor idling power loss. The power loss difference between the calculation and the measurement is depicted in Figure 10 . It can be seen that the error is smaller than 0.5 kW in most cases. Therefore, the empirical equations are sufficiently accurate and can be used to calculate the powertrain loss. Based on the equations, the powertrain efficiency map is calculated and depicted in Figure 11 . It can be seen that the powertrain efficiency is better in the traction mode than in the regenerative braking mode at the same motor output. 
Regenerative braking model
There are two kind of regenerative braking control strategies in the Lupo EL. The first one is a parallel regenerative braking control strategy, the other one is a one pedal driving control strategy.
Parallel regenerative braking control strategy
The parallel regenerative braking control strategy in the Lupo EL is based on the brake pedal travel. The total braking force and regenerative braking force are shown in Figure 12 when the driving speed is 60 km/h. As can be seen, when the brake pedal travel is below 10%, the hydraulic braking force is zero, this is the free travel between the brake disc and brake drum. And when the brake pedal travel is bigger than 60%, the regenerative braking force is reduced to zero, which is to ensure the braking stability in an emergency case. However, there are two disadvantages in the parallel regenerative braking strategy. The first issue is that the braking force is not linear with the brake pedal travel, which may not provide a comfortable and consistent brake feel for the driver. The second issue is that the hydraulic braking system is always working during the braking, which results in part of the energy being transferred into heat. Therefore, the regenerative braking strategy needs to be modified to improve the braking feel and energy efficiency. 
One pedal driving control strategy
A one pedal driving control strategy is designed to improve the performance of the vehicle. For the one pedal driving algorithm the maximum deceleration that can be achieved when releasing the accelerator pedal is increased to 2 m/s 2 . This allows the vehicle to be driven by the accelerator pedal alone in most cases, and the brake pedal is only applied for emergency cases. The relationship between forward speed and acceleration/deceleration in a driving test on the public road is shown in Figure 13 . It can be seen that the driving test include the city driving and highway driving, and the brake pedal is seldom used during the test. Table 2 . The energy consumption of a driving test can be calculated using the energy consumption model based on the driving speed. Finally, the error of the model can be represented by the difference between the calculation and measurement:
The simulation results demonstrate that the energy consumption model can calculate the vehicle energy consumption based on the driving speed with an error smaller than 5% for different circumstances. Therefore, the model is considered sufficiently accurate and can be used as a tool to predict the future energy consumption information to the driver. 
Energy consumption prediction
To predict the energy consumption for a future trip, the road information, weather condition and driving speed should be known first, and then the energy consumption model can be used to calculate the required amount of energy. The road information, including route length, road slope, road direction and road type, can be obtained from OSM and SRTM. The ambient temperature, wind speed and direction can be obtained from the weather report. The driving speed is determined by the road type, traffic condition and driver behaviour. The driving behaviour varies from driver to driver and even may be different for the same driver at different time and situations. Therefore, the driving speed cannot be predicted accurately before a trip begins. However, the maximum driving speed and most economic driving speed can be obtained based on the road information to predict the energy consumption. The offline algorithm is designed to give a first estimation on the energy consumption to the driver before a trip begins. In the algorithm, two kinds of driving speed are determined: one is for the fastest driving, while the other one is for the most economic driving. Two energy consumption results are provided correspondent to the predicted driving speed. The fastest driving speed is determined by the speed limit based on road type. The most economic speed of the Lupo EL is about 25 km/h for constant speed driving [15] , but this value will decrease while considering the influence of the frequently startand-stop driving in city route. Therefore, the most economic speed is set as the minimum driving speed on the road. The minimum driving speed is an empirical value based on the road type in this research. The structure of the offline algorithm is depicted in Figure 15 . 
Road information

Driving speed
Four factors can be obtained from OSM to determine the vehicle driving speed: road type, speed limit sign, road curvature and traffic lights.
The maximum driving speed and most economic driving speed are a combination effect of these four factors.
Road type
Normally, there is a legal allowed driving speed scope for each type of road. Therefore, the first estimation of the maximum and most economic driving speed is determined by the road type. The relative rolling resistance on different road types have been estimated based on the coast down test results in Section 2.1.2. The maximum allowed speed is 130 km/h on about half of motorways in the Netherlands, while the value is 120 km/h on the other half [19] . However, normally the driver doesn't drive at the maximum speed for long distance on motorway. Therefore, the maximum speed is set to 120 km/h for motorway driving. The results are shown in Table 3 .
Speed limit sign
The vehicle driving speed is also limited by the speed limit sign. The road speed limit sign is used in most countries to set the maximum (or minimum in some case) speed. Speed limit sign is normally indicated as a traffic sign in the street, as Figure 16 [20]. The speed limit sign is added as nodes information in OSM road information database, which can be investigated once the driving route is settled down. 
Road curvature
The vehicle maximum lateral acceleration will limit the driving speed if the steering radius is small in a corner. The relation between the maximum driving speed and maximum lateral acceleration is given as
where is the corner radius, is the maximum driving speed and is the maximum lateral acceleration. The maximum lateral acceleration can reach 8 m/s 2 on a standard vehicle during driving [21] , however, the maximum lateral acceleration is smaller than 4 m/s 2 at most cases according to the Lupo EL driving test measurement. Therefore, the maximum lateral acceleration is considered as 4 m/s 2 in this research. The road curvature can be calculated based on the coordinates obtained from OSM.
Traffic light
The influence of traffic lights has to be considered, because the vehicle may have to stop and wait in front of a traffic light. However, whether the traffic light is red or nor, cannot be predicted offline. To obtain the average influence of traffic lights, half of traffic lights are assumed to be red, and the waiting time is estimated to be 20 s. The traffic lights are tagged to road nodes in OSM. The position of the traffic lights can be obtained once the future travel route has been determined.
Acceleration
After combining the influence of the road type, speed limit sign, road curvature and traffic lights, the target speed for a specific route can be obtained. An illustration is shown in Figure 17 . As can be seen, the target speed isn't continuous, which cannot be realised by the vehicle. To obtain a realistic driving speed, the discontinuities between two target speed values should be connected by the vehicle acceleration and deceleration. 
The maximum motor electric power is set to 50 kW for traction and -24 kW for regenerative braking. The motor efficiency is set to a constant value 80% in this calculation. Therefore, when the motor efficiency is considered, the maximum motor mechanical power , ℎ is 40 kW for traction and -30 kW for regenerative braking. The acceleration/deceleration is determined by the motor power setting at high driving speed, while it is limited by the tire-road friction coefficient at low speed driving. In this algorithm, the maximum acceleration and deceleration at low speed is determined by the driving tests measurement. The relationship between the acceleration/deceleration and driving speed in a driving test is shown in Figure 18 . As can be seen, the maximum acceleration is set to 3 m/s 2 and the maximum deceleration is set to 2 m/s 2 at low speed driving. The acceleration during driving in this algorithm is determined by the difference between the current driving speed and target speed. If the difference is bigger than 10 km/h, the maximum acceleration is adopted, or else, the acceleration linearly decreases from the maximum acceleration to zero with the speed difference decrease. The equation is 
where is the current acceleration, , is the maximum acceleration at the current driving speed and ∆ is the difference between the current driving speed and target speed.
The acceleration is used to connect the target speed into the realistic driving speed. The result is illustrated by the blue curve in Figure 17. 
Results
Several illustrative tests are shown in this section to verify the offline algorithm, including the highway driving, rural driving and city driving. The highway driving test illustrates how the offline algorithm works. City driving and rural driving are performed by four different drivers on the same routes. The results show that the algorithm can give an accurate energy prediction scope for different drives.
Highway driving
A highway driving test was done to verify the energy prediction algorithm on 2 nd September 2014 from Eindhoven to Nijmegen. The route of the driving is shown in Figure 19 . The height information along the driving route can be obtained from SRTM, and the result is shown in Figure 21 . This again illustrate that the Netherlands is a very level country. The speed information of simulation and measurement is shown in Figure 22 . As can be seen, the highway driving speed can range from 80 km/h to 120 km/h. Normally, the driver needn't to follow the traffic flow on highway road; he can choose his own driving speed. This will obviously affect the energy consumption results. To provide more energy consumption prediction information to the driver, more energy consumption results are calculated from 80 km/h to 120 km/h, the interval calculation speed is 10 km/h. The prediction and the measured energy consumption are shown in Figure 23 . According to the measurement, most of the highway driving speed is between 110 km/h and 120 km/h, the measured energy consumption is also between the 110 km/h and 120 km/h driving speed energy prediction. This proves the accuracy of the algorithm on highway driving. 
City road driving
A driving route in the centre of Eindhoven is shown in Figure 24 . The road type of the city driving route is shown in Figure 25 . Four drivers have driven on this route, and the energy consumption results are recorded. The maximum and minimum predicted energy consumption results for this route are shown in Figure 26 . As can be seen the measured energy consumption for four drivers are all between the minimum and maximum predicted result, which can confirm the accuracy of the approach. There are lots of traffic lights in the city route, thus the vehicle have to start-and-stop frequently. This is the reason why there are so many oscillations in the maximum driving speed energy consumption prediction result. 
Rural road driving
A rural driving route in Eindhoven nearby is shown in Figure 27 . The road type along this route can be seen in Figure 28 . Four drivers have driven on this route and energy consumption results are recorded. The energy prediction results are shown in Figure 29 . It is again shown that the energy consumption results are different for different drivers, but these four energy consumption results are all between the maximum and minimum energy prediction results. 
Conclusions
The purpose of this work is to develop an offline algorithm for an electric vehicle range estimator, which can give a first impression to the driver on the possible energy consumption scope for a forthcoming trip. An energy consumption model is built based on measurements to predict the energy consumption. The model can calculate the energy consumption with a maximum error of 5% for different circumstances, which is accurate enough to be used in the offline algorithm. However, the rolling resistance coefficient varies significant on different road types, which need to be investigated further in future research. The model is used to predict the future energy consumption based on the road information obtained from OSM and SRTM. The highway driving, city driving and rural driving results show that the offline algorithm can provide an accurate energy consumption prediction scope for a future trip, which is suitable for different drivers. Additionally, the algorithm gives more prediction results based on different highway driving speeds, which can give a more precise advice when the driver is driving on highway road. The future work is to build an online algorithm for the range estimator. The purpose of the online algorithm is to adjust the energy prediction result during driving based on the driving behaviour. Energy consumption [kWh] maximum speed minimum speed driver 1 driver 2 driver 3 driver 4
